Recent studies suggest good prospective accuracy for two-dimensional echocardiographic imaging of ventricular septal defects (VSD). We obtained two-dimensional images with high-frequency, highresolution scanners from 36 patients proved by cardiac catheterization to have perimembranous VSD. In 20 patients, the VSD was an isolated lesion and in 16 it was associated with other forms of heart disease. VSDs were imaged in long-axis, apical four-chamber and subcostal echocardiographic views. The smallest VSD imaged was 2 mm in diameter on echo; the largest, 23 mm. The imaged size of VSDs was larger at end-diastole than at end-systole by paired t test on all views (all p < 0.005). VSD size also varied between views, with no predictive relationship except between apical and subcostal four-chamber views in diastole (r = 0.71, p < 0.005). This agreed with qualitative direct observations of an ellipsoid or irregularly shaped VSD in operated patients. Echocardiographically measured VSD size normalized for either aortic root size or for patient weight could be used to separate isolated VSDs with large shunts (Qp/Qs > 2:1) from those with small shunts. Review of 250 two-dimensional echocardiographic studies from patients proved not to have a VSD revealed 28 planes of imaging with false-positive VSD. None of the false-positive VSDs was imaged consistently on all views. Additionally, a "T" artifact (broadening of septal edges around a VSD) has been found to be a reliable marker of true VSD imaging. To best quantify VSD size and to avoid false-positive diagnoses, it is necessary to use multiple views and to consider the marked changes in VSD size that occur between diastole and systole.
VENTRICULAR SEPTAL DEFECT is one of the most common congenital lesions, occurring alone or in association with other cardiovascular malformations. Although the clinical diagnosis of isolated VSD is not difficult, evaluating the size of a VSD and detecting a VSD when it is associated with other lesions is quite important in planning catheterization and surgery. Until recently, the firm diagnosis of VSD was confined to cardiac catheterization and angiography. M-mode echocardiography can provide indirect estimates of left ventricular volume overload, but frequently has poor sensitivity and specificity for VSD.1 Nuclear cardiology appears to allow an estimate of shunt size, but is not useful for estimating VSD associated with other congenital malformations.2 Doppler aids detection of VSDs, but offers no possibilities for estimating the size of the defect. 3 Recent studies suggest that two-dimensional echocardiography can be used to detect, locate, and evaluate the size of VSD. 4 5 We performed twodimensional echocardiography in a group of patients with proved VSD to identify and analyze factors that affect VSD imaging.
Materials and Methods Patient Population
We studied 36 patients, ages 7 days to 20 years (mean 3.1 ± 0.7 years [± SEMI). Only three patients were younger than 1 month of age. All patients had VSD proved by catheterization and angiography. Some VSDs appeared to extend into the outlet septum or portions of the inlet septum, but all were mainly membranous and none was supracristal. In 20 patients, the defect was isolated (group 1) (table 1) and in the remaining 16 it was associated with other cardiac malformations, sometimes as a component of a more complex lesion (group 2) (table 2). The patients in group 1 were divided according to Qp/Qs quantitated by oximetry at cardiac catheterization into those with large shunts (Qp/Qs > 2:1, subgroup IA, n = 9) and those with smaller left-to-right shunts (Qp/Qs < 2:1, subgroup 1B, n = 11). No patient in group 1 had abnormal pulmonary vascular resistance as assessed by wedge angiography or routine resistance ratio calculations. The patients in group 2 were divided into those with angiographically large VSDs (subgroup 2A, n = 11) and those with angiographically small VSDs (subgroup 2B, n = 5) (table 2). Angiographic estimates were based on qualitative criteria; flow estimates could not be used to estimate VSD size because of the associated lesions present in group 2 patients. Some of these patients with conoventricular septal defect had obvious extension of the VSD beyond the confines of the membranous septum.
A control series of patients (group 3) was studied 689 retrospectively. We reviewed 250 two-dimensional echocardiographic studies performed in patients proved at catheterization not to have VSD to detect the incidence of false-positive VSD imaging. These studies were not necessarily performed in close conjunction with cardiac catheterization.
Echocardiographic Studies
Twelve to 24 hours before cardiac catheterization, all patients in groups 1 and 2 were studied by twodimensional echocardiography with a mechanical sector scanner at 3.5 or 5 MHz, the EkoSector I (Smith Kline), a commercially available, electronically focused, phased-array sector scanner (Toshiba SSH lOA) at 2.24 or 3.5 MHz, or a prototype, experimental, dynamically focused, 3.5-MHz, phased-array sector scanner (General Electric Corporate Research and Development Center). All studies were recorded on standard video cassette recorders, which had capabilities for image reproduction in real-time, slowmotion, and stop-frame modes. An ECG lead was recorded on all real-time studies. Subjects were studied in the supine or 300 left lateral decubitus position, and the transducer was placed to allow derivation of the following conventional two-dimensional echocardiographic planes commonly used in our laboratory: the long axis of the left ventricle from the parasternal area, the short axis of the left ventricle, the apical four-chamber view, and the subcostal fourchamber view6' 7 ( fig. 1 ). In 10 patients in groups 1 and 2 we used the apical long-axis view, obtained with the transducer placed closer to the cardiac apex and the aorta tilted away. Both the apical and subcostal views were often swept anteriorly to include the left ventricular outflow tract7 ( fig. 1 ). Rotational variations of these views were not used.
Image Analysis
Studies were reviewed and analyzed by replay from the video tape on a standard television monitor by one author, not the same one who performed the examinations. When septal echoes were absent, suggesting a VSD, the size of the VSD was measured directly on the TV monitor in long-axis, four-chamber, and subcostal views (any of the views in which the VSD was imaged) at end-diastole and at end-systole. Measurements were obtained from the video monitor using a commercially available, computerized digitizing system (Numonics), and all measurements for each view and each phase of the cardiac cycle were derived from an average of five determinations, usually, on three or more sequential beats. Measurements were obtained by one investigator only, but sequences and frames selected for measurement were checked by another. Interobserver variability was not evaluated, as the measurements represented a consensus. Enddiastole was defined as the onset of the QRS complex of the ECG and end-systole as the frame just before atrioventricular valve opening. Aortic root diameter was also measured from two-dimensional images in the long-axis view using a leading-edge method from the video monitor at end-diastole using the Numonics system.
Cardiac Catheterization
Cardiac catheterizations were performed under standard sedation: meperidine hydrochloride (1 mg/kg), chlorpromazine hydrochloride (0.5 mg/kg) and pentobarbital (1 mg/kg). All shunt estimates in group 1 were performed using a standard oximetry method (two series) in room air. The angiographic estimates of VSD size in group 2 were obtained from left ventriculograms, usually in a left anterior oblique position with 300 cephalocaudad angulation. The angiographic determinations of VSD size were estimated using the size of the jet traversing the septum. These were done by an investigator who had no knowledge of the echocardiographic results.
Data Analysis
The variation in the size of VSDs between diastole and systole was evaluated using the paired t test. To estimate the relationship of VSD size between the different views, a multivariate regression analysis was used. For the analysis of the predictive relationships of VSD size by two-dimensional echocardiography and the size of the shunt estimated at catheterization, the unpaired t test and linear regression analyses were used. Because the absolute measurements of VSD size have little meaning in a population with such wide variations of age and weight, we used indexes for relative size of the VSD. For group 1, we used VSD size in mm/aortic root size,8 as well as VSD size in mm/kg body weight; for group 2, where aortic size was often abnormal due to associated malformations, we used VSD in mm/kg body weight as an estimate of VSD size.
Results

Qualitative Groups 1 and 2
Septal echoes were absent in a discrete area, suggesting VSD, in 25 of 36 four-chamber views, in 19 of 36 long-axis views, and in 15 of 36 subcostal views (figs. [2] [3] [4] . In 11 studies, images suggesting the presence of a VSD were present in all three views; in nine patients, the VSD was imaged in two views, and in 16, the VSD was imaged in only one view (eight in four-chamber, six in long-axis, two in subcostal) (table  3) . Broadening of septal edges around a ventricular septal defect, the ultrasound physical phenomenon that we call a "T" artifact, was often seen and found 691 Vot. 63, No to be a reliable marker denoting the edges of a real VSD in groups 1 and 2 and helped in detection and measurement of VSD ( fig. 4 ). The "T" artifact has the visual appearance of the letter "T" on either or both ends of the imaged septum. We believe that the "'T" artifact arises from scattered reflections off the first and last encountered echo interfaces around the borders (trailing and leading edges) of a real VSD. It was observed most frequently on oblique subeostal views (14 of 15 subcostal four-chamber views) or on apical four-chamber views (23 of 26 apical fourchamber views with a true positive VSD). figure 3 . The "T" artifact is seen clearly above and below the horizontal arrow in the left panel and is emphasized in the line drawing. Group 3 In group 3, there were 28 individual views with dropout of septal echoes, suggesting false-positive VSD. None of these patients had false-positive VSDs imaged in more than one view and none had "T" artifacts. Twenty of these false-positive VSDs were imaged in apical four-chamber views, six in long-axis views (three of which were closer to apical long axis) and two in subcostal views ( fig. 5 ). Gain and image quality criteria for reading false-positive VSDs included imaging of the anterolateral wall endocardium on four-chamber view or good endocardial definition in general. Instrument gain levels were not overdriven to produce intracavitary speckle ( fig. 5 ).
Groups 1, 2 and 3
This study was not designed to assess sensitivity and specificity. Patients in groups 1 and 2 were known prospectively to have a VSD, usually large enough to warrant catheterization or in association with another malformation. The examinations were directed toward imaging the VSD in as many planes as possible, and we considered the diagnostic criteria of VSD imaging based on all views. With these considerations, we can summarize the sensitivity and specificity of VSD imaging for selected views in our study (table  3) . If, however, we consider a nonexistent defect erroneously imaged in two views or more as a true false-positive VSD and a real defect imaged in two views or more as a true true-positive VSD, then the overall sensitivity was 55% and specificity was 100% (table 3) . This type of data handling, however, does not take into account that when a "T" artifact was imaged, even if on one very clean plane only, our confidence for imaging a VSD from that one plane was significantly higher. If we consider defects imaged in more than one plane or those showing a "T" artifact as diagnostic of VSD, then the sensitivity would be 88% and the specificity 100%. The smallest VSD imaged by two-dimensional echocardiography was 2 mm on the echocardiogram and the largest was 23 mm. The mean size of VSDs imaged in a single view was significantly larger in diastole than in systole (p < 0.005) for each of the three views analyzed. The diastolic measurement was also larger than the systolic measurement for all views analyzed together (table 4) . The VSD was smaller in systole than in diastole in all but two patients in groups I and 2. The mean reduction in size was almost 50% for the majority of views analyzed ( fig. 2, table 4 ).
VSD size also varied between imaging planes in each patient. Measurements of the VSD on the different imaging planes in the same patient were not significantly different by paired t test. No predictive relationship could be established ( fig. 3 ) between views, except for a moderately acceptable correlation (r = 0.71) between the apical four-chamber and subcostal views in diastole (table 5) .
Groups IA and lB VSD size alone did not allow separation of group 1 A from group 1 B patients (all comparisons p = NS). However, the VSD/aortic ratio was useful in separating patients in group IA, with large hemodynamic shunts, from those in group 1 B when the largest imaged VSD from the various views was considered. This index separated these groups both in diastole (p < 0.005) and in systole (p < 0.025) (table 6). VSD in mm/kg body weight also separated these groups quite well (table 6) . Nonetheless, neither normalized index correlated predictively with Qp/Qs. Group 2 The echocardiographic size (mm)/weight (kg) ratio distinguished patients in group 2A with large angiographic VSDs from those in group 2B only when the smallest diastolic measurement from the various views was considered (p < 0.05, table 7 ).
Discussion
The clinical diagnosis and an estimate of the hemodynamic significance of a VSD'can be made on the basis of symptoms, physical examination findings, chest radiographs, standard ECG and M-mode echocardiogram. However, erroneous conclusions are often reached using these criteria, especially in infants or in patients with VSD in conjunction with another lesion. Detection and measurement of VSD size noninvasively would be useful for the clinician. Preliminary reports suggest that two-dimensional echocardiography has this capability.4 ' However, two-T VStL1., 4 dimensional echocardiographic imaging of VSD is affected by several factors. The heart moves significantly with contraction and with respiration. The effect on the portion imaged will be different on different views. The VSD may, therefore, be a moving target. The consistent relationship of adjacent structures (the aorta and atrioventricular valves) on the images we studied and the change in VSD size of similar magnitude in all views examined suggest that the change in size is real rather than an artifact of cardiac motion.
The plane of examination that most frequently showed septal echo discontinuity was the fourchamber view (25 of 36, 69.4%). In eight of these 25 patients, the VSD was not detected in any other view. In the four-chamber view, however, the echo beam parallels the interventricular septum. Also, because the intensity of sound waves is progressively attentuated with depth, false-positive echo dropout is more common when the upper portion of the VSD is imaged from an apical location, increasing the possibility of factitious imaging of false-positive VSDs in this plane (table 3) . Our experience with false-positive VSDs in group 3 confirms findings that suggest that the fourchamber view may yield a moderate number of false positives.5
In the subcostal view, the ultrasound beam is more *p < 0.005.
Abbreviations: LA = long-axis view; A4CH = apical four-chamber view; SUBC = subcostal view; VSD = ventricular septal defect; r = linear correlation between views for VSD size. Largest refers to largest measurement of the VSD imaged in available views; smallest refers to smallest measurement of the VSD imaged in available views.
Abbreviations: Qp/Qs = ratio of pulmonic to systemic flow; D = diastole; S = systole; VSD = ventricular septal defect; Ao = aortic root. However if only one plane of examination were considered, the septal echo discontinuity might not be visualized in as many as 60% of cases using the subcostal view only, in 50% of cases using the long-axis view only, and in 30% of cases using the four-chamber view only. Including oblique apical and four-chamber views made it much more likely that a "T" artifact would be imaged. Fourteen of 15 VSDs imaged in subcostal views and 23 of 26 in apical four-chamber views had "T" artifacts, aiding visualization considerably.
A whole family of rotational variations of the apical and subcostal views is available. Although these variations may have significant utility, especially in examining other portions of the ventricular septum, they were not used in this study. The rotational equivalents may provide double checks and additional windows for imaging VSDs. We were able to detect septal discontinuity suggesting VSD in the short-axis view in five cases (13%) and in the apical long-axis view in two cases (5%). (The apical long-axis view was only obtained in 10 patients, which gives it an effective sensitivity of 20%.) Also, especially in the short-axis and four-chamber views ( fig. 6 ), we commonly found that tricuspid valve tissue was positioned over part of the VSD in systole or diastole, making it more difficult to measure.
Because we had no group 3 patients in whom a false-positive VSD was imaged in more than one view, we believe that the use of multiple views increases both sensitivity and specificity, even for isolated membranous VSD considered alone. The use of multiple echocardiographic views has even greater merit in evaluating the different portions of the ventricular septum for VSDs in the muscular septum, in the posterior septum, or in supracristal locations. 4 Variation in the size of the VSD between diastole and systole was evident in each imaging plane and for all planes considered together. During systole, the ven- tricular myocardium contracts, as does the septum. The atrioventricular groove is displaced inferiorly. Portions of the VSD may be covered by the tricuspid valve. These phenomena, augmented by filling of both atria, appear to bring the edges of the VSD toward each other. The mean reduction in VSD size from diastole to systole in all views was 48%, but some patients had as much as a 90% reduction ( fig. 4 ). Measurements of VSD size varied considerably between views, without good correlation, possibly because at surgery the VSD is most often oval or crescent-shaped rather than circular.9 In nine group lA patients, the VSD at surgery was oval or crescentshaped.
Echocardiographic measurement of VSD size was useful for separating patients with isolated VSDs and large shunts from those with small shunts. This separation was best achieved when VSD size was normalized for weight or for aortic root size.
In the group 2 patients with complicated VSDs, diastolic measurement of the VSD by echocardiography provided the best approximation of the size of the defect compared with angiography. However, the smallest imaged VSD size best separated the groups. Some patients in group 2 had large defects that extended beyond the membranous septum into the conoventricular portion or outlet septum. Although all the tetralogy patients had less than 10% override, these VSDs are easy to identify because of the malalignment and are not particularly stringent tests of resolution for VSD imaging.
We conclude that several factors may affect twodimensional echocardiographic imaging of VSDs. The size of a VSD changes during the different phases of the cardiac cycle. VSD size also varies in the different planes of examination, and commonly the VSD is not imaged in all planes. Our results suggest that multiple views provide greater sensitivity and specificity for the diagnosis of VSD. Finally, broadening of septal edges around the defect, the "T" artifact, arises from the physics of actual rather than artifactual discontinuity, and its presence should increase the probability and specificity of detecting VSD and aid in more accurate measurements.
